Abstract The transcription factor Stat3 is an activator of systemic inflammatory genes. Two isoforms of Stat3 are generated by alternative splicing, Stat3α and Stat3β. The β isoform lacks the transactivation domain but retains other functions, including dimerization and DNA binding. Stat3β-deficient mice exhibit elevated expression of systemic inflammatory genes and are hyperresponsive to lipopolysaccharide, suggesting that Stat3β functions predominantly as a suppressor of systemic inflammation. To test whether Stat3β deficiency would provoke pathologic effects associated with chronic inflammation, we asked whether selective removal of Stat3β would exacerbate the development of atherosclerosis in apolipoprotein E-deficient mice. In apoE
Introduction
Atherosclerosis is the major underlying cause of cardiovascular disease (CVD), including myocardial infarction and stroke. Atherosclerotic plaque is an accumulation of lipid particles, inflammatory cells and smooth muscle cells in the arterial subendothelium. The development of atherosclerotic plaque (reviewed in [1] ) begins with subendothelial retention and oxidation of low density lipoprotein (LDL). In response to oxidized LDL and other mediators, endothelial cells express adhesion molecules and chemoattractant cytokines. Subsequently, monocytes are recruited into the subendothelium, where they differentiate into macrophages and internalize modified LDL to become foam cells. Smooth muscle cells are recruited to the plaque and induced to proliferate in response to factors produced by macrophages and the foam cells derived from them.
Epidemiologic and genetic evidence has identified chronic inflammation as an etiologic factor in the development of atherosclerosis, and inflammatory markers can serve as predictors of future cardiovascular events. Such markers include IL-6 [2] , C-reactive protein [3] [4] [5] , sICAM1 [6] , and CD40L [7] . Autoimmune disease, which is accompanied by systemic inflammation, has also been linked to CVD; patients with systemic lupus erythematosis, for example, are at increased risk for atherosclerosis [8] . Alterations in genes associated with inflammation can modulate the risk of atherosclerosis in humans. Polymorphisms in IL-6 have been associated with atherosclerotic vascular disease [9] , as have polymorphisms in genes encoding inflammatory adhesion molecules such as VCAM-1, ICAM-1 and PECAM-1 [10] .
Inflammation is also implicated in atherogenesis by the identification of genes that modify the atherosclerotic phenotypes of apoE-deficient or LDL receptor-deficient mice. Mice lacking apoE have elevated plasma cholesterol and develop atherosclerotic lesions while maintained on a normal diet; mice lacking the LDL receptor develop atherosclerotic lesions when fed a diet rich in fat and cholesterol [11] . Genetic lesions that impair macrophage differentiation or recruitment of monocytes and macrophages attenuate atherosclerosis in mouse models [12] , as does ablation of the gene encoding MyD88, which transduces pathogenic signals in dendritic cells and macrophages [13] . Correspondingly, deletion of the gene encoding IL-1β, an inflammatory mediator produced by innate sentinel cells, is also associated with reduced severity of atherosclerosis in the apoE-deficient model [14] .
The systemic inflammatory component of innate immunity, termed the acute phase response (APR), is initiated upon stimulation of monocytes, macrophages and dendritic cells through toll-like receptors, which trigger the production of IL-1β, tumor necrosis factor-α (TNFα) and IL-6. These mediators, in turn, modulate expression of APR genes in the liver and other sites [15] . IL-6 exerts its effects on APR genes primarily through the latent transcription factor Stat3. Mammals produce two alternatively spliced isoforms of Stat3, Stat3α and Stat3β. Stat3β lacks the 55 carboxy-terminal amino acid residues of Stat3α that span the transactivation domain [16] [17] [18] . Because Stat3β retains dimerization and DNA-binding functions, it can behave in a dominantnegative fashion [16] . In some contexts, however, Stat3β promotes gene expression through interactions with transcription factors such as c-Jun [17, 19] . Mice in which Stat3β is selectively ablated exhibit impaired recovery from endotoxic shock. In such mice a subset of endotoxin-inducible genes is chronically overexpressed and hyperresponsive to induction, consistent with a role for Stat3β as a global suppressor of systemic inflammation [18] .
Because Stat3β exerts its suppressive effects largely on nonclassical APR genes, the role of Stat3β in protection against the consequences of sustained systemic inflammation has remained unclear. We have now tested this role by examining the effect of Stat3β deficiency on the development of atherosclerosis in the apoE-deficient mouse model. In mice doubly deficient in apoE and Stat3β, atherosclerotic plaque formation is accelerated relative to mice deficient in apoE alone. This effect is accompanied by increased representation of pro-inflammatory T H 17 lymphocytes among aortic-infiltrating T cells, consistent with the dependence of T H 17 differentiation on Stat3 and the ability of Stat3β to oppose Stat3 function. Our observations indicate that Stat3β is protective against atherogenesis in a mouse model and suggest that Stat3β exerts its protective effect, at least in part, by opposing production of T H 17 cells.
Materials and methods
Animals C57BL/6 J apoE −/− mice were purchased from the Jackson Laboratory (Bar Harbor, ME). The Stat3β − allele [18] was backcrossed onto a C57BL/6 J background for nine generations and bred with C57BL/6 J apoE −/− mice; apoE −/− Stat3β +/+ and apoE
Stat3β
−/− mice were obtained by interbreeding apoE −/− Stat3β +/− animals. Mice were housed under pathogen-free conditions. Upon weaning at 3 weeks mice were maintained on normal (5.67 % fat, 0 % cholesterol; Teklad #7012) or high fat (20 % fat, 1.5 % cholesterol, 0.5 % sodium cholate; Teklad #96354) diets. Animals were maintained in accordance with the guidelines of the Johns Hopkins Animal Care and Use Committee.
Measurement of triglyceride and cholesterol levels Mice were fasted overnight and sacrificed. Blood was drawn from the inferior vena cava. Total serum cholesterol and triglyceride levels were measured using commercial reagents (Thermo Electron).
Measurement of atherosclerotic lesions
For en face measurement of aortic lesions, mice were euthanized and aortas were perfused with ice-cold PBS. Aortas were excised from the ascending aorta to the iliac bifurcation and fixed in 4 % paraformaldehyde. After removal of adventitial and adipose tissue, aortas were incised longitudinally, stained with Sudan IV and pinned to wax plates. Images were captured with a Zeiss AxioCam camera connected to a Zeiss Stemi 2000-C dissection microscope. The contour of the aorta was defined by manual tracing. Plaque contours were defined by an automated procedure in which a representative plaque was sampled to define a color threshold which was then applied to the en face aortic image to define the margins of plaques satisfying the threshold criterion. Total aortic area and plaque areas were determined using ImageJ (http://imagej.nih.gov/ij/) by summing the pixels within the aortic contour and plaque contours, respectively, and scaling to metric area.
For measurement of aortic root lesions, hearts were sectioned perpendicular to the axis of the ascending aorta; upper halves were embedded in OCT and frozen at −80 C. Serial sections (10 μm) were stained with Oil Red O (PolyScientific) and counterstained with hematoxylin. Images were captured with a Zeiss AxioCam camera connected to a Zeiss Axioskop2. Total lesion area was quantified by manual tracing of intimal lesions in four aortic root sections spaced at 100 μm intervals.
Preparation of primary mouse peritoneal macrophages Resting peritoneal macrophages were harvested by peritoneal lavage with Dulbecco's modified Eagle medium supplemented with L-glutamine, penicillin, streptomycin and 10 % heatinactivated FBS. Peritoneal cells were plated at 37°C in the presence of 5 % CO 2 in culture medium overnight and nonadherent cells were removed. Oligonucleotides Sequences of forward and reverse PCR primers are provided below.
Stat3α: forward, 5′-GCGCTTCAGCGAGAGCAGCA AAG-3′ Reverse, 5′-CATCGGCAGGTCAATGGTATTGC-3′ Stat3β: forward, 5′-GCGCTTCAGCGAGAGCAGCA AAG-3′ reverse, 5′-GTTATTTCCAAACTGCATCAATGAA TGG-3′ HPRT1: forward, 5′-CAGTCCCAGCGTCGTGATTA-3′ reverse, 5′-CATGACATCTCGAGCAAGTCTTTC-3′ Thy1: forward, 5′-CAACTTCACCACCAAGGAATG-3′ reverse, 5′-TCTGAACCAGCAGGCTTATG-3′ RORγt: forward, 5′-CCGCTGAGAGGGCTTCAC-3′ reverse, 5′-TGCAGGAGTAGGCCACATTACA-3′ F4/80: forward, 5′-AGGCTTTGTCTTGAATGGCT-3′ reverse, 5′-GCCCTCCTCCACTAGATTCA-3′
Immunohistochemistry Frozen heart sections, embedded in OCT, were fixed in acetone, rehydrated in PBS and treated with Protein Block (Dako) for 15 min. For detection of macrophages, sections were incubated with rat anti-mouse MOMA-2 antibody (AbD Serotec) at 2.5 μg/ml for 12 h at 4°C followed by incubation with rhodamine conjugated goat anti-rat IgG (Jackson ImmunoResearch) at 15 μg/ml for 1 h at room temperature.
Immunological detection of Stat3 protein Aortic smooth muscle cells (SMCs) were prepared as described [20] . Whole cell lysates from SMCs and aorta were fractionated by SDS polyacrylamide gel electrophoresis and analyzed by immunoblotting with an anti-Stat3 antibody (Cell Signaling Technology).
Analysis of gene expression in peritoneal macrophages After starvation for 24 h in DMEM containing 0.5 % FBS, peritoneal macrophages were stimulated in the presence or absence of IL6 (40 ng/ml) and sIL6R (50 ng/ml) for 12 h. RNA was harvested (Rneasy, Qiagen) and reverse transcription was performed using a mixture of random hexamer and oligo-dT primers. A PCR array (Qiagen) was used to assess expression of 84 genes associated with atherosclerosis. The list of genes analyzed is available online at http://www.sabiosciences.com/ rt_pcr_product/HTML/PAMM-038Z.html. Data analysis was performed using ΔΔCt-based fold-change calculations. Expression was normalized to that of HPRT1.
Transcripts exhibiting differential signals in the screening assay above were retested. Peritoneal macrophages were harvested from four to seven mice, plated for 12 h, washed with PBS and serum starved for 24 h in DMEM supplemented with 0.5 % FBS. Macrophages were then incubated for 12 h in the presence or absence of IL6 (40 ng/ml) and sIL6R (50 ng/ml). RNA was harvested and reverse transcription was primed with random hexamers. The resulting cDNA was amplified with Sybr Green master mix (BioRad) with 150 nM of gene-specific primers. Data analysis was performed using ΔΔCt-based fold-change calculations. Expression was normalized to that of HPRT1. Primer sequences are as follows:
HPRT1: forward, 5′-CAGTCCCAGCGTCGTGATTA-3′ reverse, 5′-CATGACATCTCGAGCAAGTCTTTC-3′ IL1β: forward, 5′-CACTACAGGCTCCGAGATGA-3′ reverse, 5′-TTTGTCGTTGCTTGGTTCTC-3′ SerpinB2: forward, 5′-CCATAGTTCTCCTCGGTGCT-3′ reverse, 5′-GCCACTGAAGTTCTCTGGGT-3′ IFNγ: forward, 5′-AGCTCTTCCTCATGGCTGTT-3′ reverse, 5′-TTTGCCAGTTCCTCCAGATA-3′ VCAM: forward, 5′-AGAACCCAGGTGGAGGTCTA-3′ reverse, 5′-ATCTCCAGATGGTCAAAGGG-3′ SerpinE1: forward, 5′-TGGTGAAACAGGTGGAC TTC-3′ reverse, 5′-CCCTTGGCCAGTAAGTCATT-3′ MMP3: forward, 5′-GGAGATGCTCACTTTGACGA-3′ reverse, 5′-TGAGCAGCAACCAGGAATAG-3′ CCL5: forward, 5′-TCTTGCAGTCGTGTTTGTCA-3′ reverse, 5′-CCACTTCTTCTCTGGGTTGG-3′ Assay of cytokine production by CD4 T cells Splenocytes were plated at 2×10 6 /ml in the presence or absence of stimuli as defined below. At 20 h cells were treated with brefeldinA (Becton, Dickinson). After 4 h cells were stained for CD4, fixed and permeabilized in the presence of antibodies against IFNγ and IL17, tagged with APC and PE, respectively. Expression of IFNγ and IL17 in the CD4-gated population was detected by flow cytometry.
Some assays were performed in round-bottomed wells in the presence of soluble anti-CD3 (1 μg/ml), anti-CD3 (1 μg/ml) and anti-CD28 (1 μg/ml), anti-CD3 (1 μg/ml) and IL6 (40 ng/ml), or IL6 alone (40 ng/ml). Other assays were performed in flat-bottomed wells in the presence of plate-bound anti-CD3 (1 μg/ml), anti-CD3 (1 μg/ml) and soluble anti-CD28 (1 μg/ml), anti-CD3 (1 μg/ml) and IL6 (40 ng/ml), or IL6 alone (40 ng/ml). As a positive control splenocytes were incubated for 4 h with PMA (20 ng/ml) and ionomycin (2 μg/ml) in the presence of brefeldin A and assayed as above.
Proliferation assay Splenocytes were loaded with 5 μM CFSE for 5 min in the presence of PBS supplemented with 5 % PBS. CFSE-loaded cells were stimulated as above. At 5 days after stimulation CFSE dilution was assessed in the CD4
Apoptosis assay At 24 h after stimulation splenocytes were stained with anti-CD4, annexinV and 7AAD. AnnexinV and 7AAD were assayed in the CD4-gated population.
Statistical analysis Except where indicated, statistical significance was determined by the two-tailed Student's t test. Differences were considered significant if P≤0.05.
Results

Derivation of apoE
encoded by an alternatively spliced mRNA isoform, lacks 55 amino acid residues found at the carboxyl terminus of Stat3α, including the transactivation domain (Fig. 1a) . Stat3β-deficient mice were previously generated by targeted mutation of the alternative splice acceptor site [18] . Evidence that Stat3β is a negative modulator of systemic inflammation [18] led us to predict that Stat3β deficiency might exacerbate disease phenotypes associated with chronic inflammation. We chose to test this in the apoE-deficient mouse model for atherosclerosis. The Stat3β allele was backcrossed onto a C57BL/6 background and then introduced into the apoEdeficient, C57BL/6 strain. Stat3α and Stat3β mRNA isoforms were assayed in aorta, aortic smooth muscle cells and peritoneal macrophages of apoE −/− Stat3β +/+ and apoE −/− Stat3β −/− mice. Stat3β mRNA was undetectable in samples from apoE −/− Stat3β −/− mice, while Stat3α mRNA was present at similar amounts in samples from mice of both genotypes. Similarly, Stat3β protein was selectively absent from tissues of animals doubly deficient in apoE and Stat3β (Fig. 1b) .
Association of Stat3β deficiency with increased atherosclerotic plaque area in the aortic trunks of apoE-deficient female mice After weaning at 3 weeks, apoE −/− Stat3β +/+ and apoE
Stat3β
−/− mice were maintained on a normal diet for 10 or 20 weeks. At 13 weeks of age the absence of Stat3β had no apparent effect on serum cholesterol, triglycerides or weight in male or female mice maintained on a normal diet ( 
+/+ controls ( Table 2 ). These differences were not observed in 23-week-old male mice ( Table 2) .
We next examined the effect of Stat3β deficiency on atherosclerotic plaque development. Aortic trunks, extending from the ascending aorta to the iliac bifurcation, were harvested at 13 or 23 weeks from apoE −/− Stat3β +/+ and apoE (Fig. 2a, b) , consistent with the difference between these groups with respect to weight. Total aortic plaque area was substantially increased in apoE (Fig. 2c) . This difference was even more striking when total plaque area was normalized to total aortic area (2.40±1.06 % and 1.07 ± 0.65 % for apoE
−/− and apoE −/− Stat3β +/+ mice, respectively) (Fig. 2d) .
Association of Stat3β deficiency with increased atherosclerotic plaque area is maintained in advanced aortic root lesions Atherosclerotic plaque does not appear synchronously along the aortic trunk, but tends to form first at sites of high curvature, such as branching points and the aortic root [21] [22] [23] . To determine whether the pro-atherogenic effect of Stat3β deficiency was also evident in these more advanced lesions, we assessed plaque development in the aortic root. Hearts of 13-or 23-week-old female mice that had been maintained on a normal diet were harvested, frozen, and sectioned. Atherosclerotic plaque was detected by staining with Oil red O and lesion areas were quantified by digital image analysis. At 13 weeks, atherosclerotic lesions in the aortic root were of similar size in apoE −/− Stat3β −/− and apoE −/− Stat3β +/+ females (Fig. S1E, F) . By 23 weeks, however, atherosclerotic lesions in the aortic root were significantly larger in apoE −/− Stat3β −/− females than in their apoE −/− Stat3β +/+ counterparts (Fig. 2e, f) , indicating that the exacerbation of atherosclerotic plaque formation by Stat3β deficiency is evident even at more advanced stages of plaque development.
Atheroprotection by Stat3β under high fat dietary conditions The development of atherosclerotic plaque in murine models is sensitive to dietary differences, developing more rapidly in animals maintained on a high fat diet [21, 24] . We maintained cohorts of apoE
−/− and apoE −/− Stat3β +/+ female mice on a diet containing 20 % fat, 1.5 % cholesterol and 0.5 % sodium cholate for 4 weeks after weaning at 3 weeks and total aortic plaque area was then measured. Like 23-week-old apoE
7-week-old apoE −/− Stat3β −/− females that had been Thirteen-week-old female mice were placed on normal diet at 3 weeks of age and analyzed after an additional 10 weeks; 13-week-old male mice were placed on normal or high fat diet at 3 weeks of age as indicated and analyzed after an additional 10 weeks. Data represent mean±SD (Fig. 3a, b) . Moreover, total aortic plaque area in 7-week-old apoE
−/− females maintained on high fat diet was significantly increased (0.512±0.32 mm 2 ) relative to that of apoE −/− Stat3β +/+ control mice (0.29±0.096 mm 2 ) (Fig. 3c, d ). These observations suggested that in female, apoE-deficient mice, Stat3β is also atheroprotective under high fat dietary conditions. Exacerbation of plaque development by Stat3β deficiency is unmasked in male mice by high fat diet Unlike their female counterparts, 23-week-old male apoE
−/− mice that had been maintained on a normal diet for 20 weeks did not exhibit an increase in total aortic plaque area, relative to apoE −/− Stat3β +/+ controls (Fig. 4) . This was of interest because among apoE-deficient mice, males exhibit smaller atherosclerotic lesions than females, although this difference decreases with age [25] . We therefore reasoned that an effect of Stat3β deficiency on atherosclerotic plaque development in male mice might be unmasked under conditions of accelerated atherogenesis, such as maintenance on a high fat diet. Male apoE −/− Stat3β −/− and apoE −/− Stat3β +/+ mice were maintained on a high fat diet for 10 weeks after weaning. No significant differences in weight, serum triglycerides or cholesterol were observed between the two genotypes ( Table 1) . Among 13-week-old mice maintained on a 10-week high fat diet, both genotypes exhibited increased aortic plaque area, relative to animals maintained on a normal diet for 20 weeks. Stat3β is protective against atherosclerosis in both females and males.
No increased representation of macrophages in lesions of Stat3β-deficient mice Macrophages and their derivatives, foam cells, are a major component of atherosclerotic plaques. Because Stat3 is implicated in the recruitment of macrophages to an inflammatory microenvironment [26] , we asked whether macrophages were overrepresented in atherosclerotic plaque or aortic infiltrates from apoE
−/− mice, relative to apoE −/− Stat3β +/+ controls. Aortic root sections from 23-week-old female mice, maintained on normal diet, were immunohistochemically stained with an antibody to the monocyte-and macrophage-specific antigen MOMA-2 [27] . For each section, the total plaque area and the area stained by MOMA-2 were measured. The ratio of MOMA-2-positive area to total plaque area did not differ significantly between apoE −/−
−/− and apoE (Fig. S3) . To obtain an independent assessment of macrophage infiltration in aortas of apoE
−/− and apoE −/− Stat3β +/+ mice we developed a quantitative assay based on the detection of transcripts for F4/80, a macrophage-restricted receptor [28] . In reconstitution experiments in which macrophage RNA was combined in varying amounts with RNA from fibroblastoid cells, the PCR signal cycle threshold (Ct) for a particular sample was linearly related to the log percentage of macrophage RNA present over a range of 0.01 through 100 % (Fig.  S4A) . Next, whole aortic RNA from 23-week-old wild-type or apoE
−/−
Stat3β
+/+ mice, maintained on normal diet, was assayed for transcripts encoding F4/80 and these values were normalized to those obtained for transcripts encoding HPRT1. The relative amounts of F4/80 RNA were four-to sixfold greater in samples from apoE
+/+ animals than in those from wild-type mice (Fig. S4B) , consistent with the association of macrophage-containing atherosclerotic lesions with apoE deficiency. Finally, we quantified F4/80 transcripts, normalized to transcripts for HPRT1, in aortic RNA samples from apoE
−/− and apoE −/− Stat3β +/+ littermate pairs. No systematic difference in the normalized expression levels was observed (Fig. S5) . Taken together these observations suggest that while apoE deficiency is associated with a relative increase in the number of macrophages in aortic infiltrates, this number is not further increased when apoE deficiency is combined with Stat3β deficiency. number of macrophages present in atherosclerotic lesions, it remained possible that macrophages from Stat3β-deficient animals were hyperresponsive to inflammatory stimuli. We previously observed that activated macrophages from Stat3β-deficient and wild-type littermates produce similar amounts of TNFα, IL-1β, IL-6, and IL-10 in response to LPS [18] . We proceeded to ask whether stimulation with IL-6, which signals through Stat3, elicits differential expression of inflammatory markers in macrophages from apoE 
+/+ mice were assayed for accumulation of these transcripts, no significant difference between the two genotypes was observed (data not shown). We were therefore unable to detect a robust difference between peritoneal macrophages from apoE The presence of T lymphocytes in atherosclerotic lesions, albeit in fewer numbers than macrophages, has suggested one or more roles in atherogenesis. CD4 + splenocytes from apoE −/− Stat3β −/− and apoE −/− Stat3β +/+ mice did not differ with respect to proliferation or apoptosis in response to anti-CD3, anti-CD3 and anti-CD28, or anti-CD3 and IL6 (data not shown). As the helper T cell subset T H 17 is associated with inflammation [29] and T H 17 cells have been implicated in atherogenesis [30, 31] , we assessed CD4 + splenocytes for production of IL17 and IFNγ in response to anti-CD3, anti-CD3 and anti-CD28, or anti-CD3 and IL6. In the presence of soluble anti-CD3 and anti-CD28, CD4
+ splenocytes from apoE −/− Stat3β −/− mice produced significantly more IL17 than those from apoE −/− Stat3β +/+ littermates (Fig. S6 ). In the presence of soluble anti-CD3 or soluble anti-CD3 plus IL6 the numbers of IL17-producing CD4 + splenocytes were also greater in samples from apoE −/− Stat3β −/− mice, but these differences were not statistically significant. No consistent difference was seen between the two genotypes with Stat3β +/+ mice that had been maintained on normal diet for 20 weeks. To minimize the effects of uncontrolled environmental stimuli we analyzed paired littermates of differing genotype, as others have done [35, 36] . We used expression of the nuclear receptor RORγt as a marker for T H 17 cells. While RORγt is also expressed by other cell types in the thymus and in secondary lymphoid organs, outside of these tissues it is highly specific for T H 17 cells and can therefore be used (Fig. 6 ). These observations suggest that selective ablation of Stat3β is associated with increased aortic infiltration by T H 17 cells in apoE-deficient mice.
Discussion
Stat3β acts predominantly as a suppressor of the hepatic acute phase response to LPS [18] . Moreover, the ability of Stat3β to oppose the induction of TNF and IL-6 by Stat3α [37] is consistent with a role for Stat3β as a negative mediator of systemic inflammation. These findings have suggested that Stat3β might in some settings protect against pathological effects of chronic inflammation, a prediction which we have tested here. Consistent with hypothesis, we observed that in the apoE-deficient mouse, selective ablation of Stat3β exacerbates the formation of atherosclerotic plaque. To our knowledge, these results provide the first evidence that Stat3β can mitigate the course of an inflammatory disease.
At 23 weeks, the average weight of female apoE
mice was lower than that of apoE −/− Stat3β +/+ control animals. Several Stat3 activators, including leptin, effect a decrease in weight [38] . Accordingly, ablation of Stat3 in mature adipocytes is associated with increased weight [39] . The relative decrease in the weight of apoE
Stat3β
−/− mice is therefore consistent with the ability of Stat3β to oppose the actions of Stat3α. The association of Stat3β deficiency with lower body weight is not necessarily related to its association with increased atherogenesis. Weight loss as a result of dietary restriction is associated with diminished plaque formation [40] , while weight loss resulting from administration of leptin is associated with enhanced atherogenesis [41] . The effects of Stat3β deficiency described in the present study are consistent with the divergent effects of leptin, a Stat3 activator, on atherogenesis and body weight. In humans, elevated triglyceride is associated with an increased risk of CAD; upon adjustment for high-density lipoprotein, which is inversely related to triglyceride, a significant association does not persist [42] . Nonetheless, triglyceride levels may be a synergistic risk factor for CAD in humans [43] and in several mouse models, triglyceride levels are positively correlated with atherogenesis [44] . At 23 weeks, an increase in serum triglyceride levels was observed in apoE
−/− female mice maintained on normal diet, relative to apoE −/− Stat3β +/+ controls. The relationship between triglyceride levels and atherosclerosis in our cohorts, however, is equivocal, because in male apoE −/− Stat3β −/− and apoE −/− Stat3β +/+ mice maintained on a high fat diet we observed no significant difference in triglyceride levels, despite a significant enhancement of atherogenesis in the Stat3β-deficient group.
Because the Stat3β and Stat3α coding sequences overlap, it was not feasible to undertake selective conditional ablation of Stat3β to identify cell types responsible for the pro-atherogenic phenotype. Using reciprocal bone marrow transfer, we attempted to determine whether the proatherogenic effects of Stat3β deficiency could be attributed to cells of hematopoietic or non-hematopoietic origin; all donor-recipient pairs, however, exhibited elevated plaque burdens, consistent with the ability of irradiation to accelerate atherogenesis [45] .
Th17 cells constitute a specific T helper subset with strong pro-inflammatory capacity [29] . The nuclear receptor RORγt, whose expression is positively regulated by Stat3, plays a central role in the differentiation of T H 17 cells: RORγt is required for induction of IL-17 in response to TGF-β and IL-6, and in RORγt-deficient mice T H 17 cells are absent from the lamina propria, where they constitutively reside in wild-type animals [46] . In the mouse, ablation of Stat3 signaling impairs induction of RORγt and blocks differentiation of T H 17 cells [47, 48] . We observed a relative increase in the number of IL17-producing CD4 + splenocytes in apoE 
−/− mice. The relative increase in infiltrating T H 17 cells is consistent with a mechanism in which Stat3β-deficiency permits Stat3α to function unopposed, thereby promoting Th17 differentiation and mobilization. Although several lines of evidence suggest that T H 17 cells, and IL-17 in particular, promote atherogenesis [30, 31, [49] [50] [51] , in a discordant study ablation of the Stat3 inhibitor SOCS3 was associated with elevated production of IL-17 and IL-10 as well as increased atherosclerotic plaque size [52] . Interpretation of this result, however, is not straightforward, as IL-10 can suppress atherogenesis [53] . Our observations are consistent with a pro-atherogenic role for IL-17, as they suggest that a skewing toward T H 17 differentiation may contribute to the enhanced atherogenesis observed in Stat3β-deficient animals. Nonetheless, Stat3 is a global regulator of systemic inflammation and in that setting Stat3β deficiency is known to affect expression of more than 100 genes [15, 18] . Thus, it seems likely that the effect of Stat3β deficiency on atherosclerotic plaque development reflects the dysregulation of multiple transcriptional targets, of which those regulating T H 17 differentiation may be a subset.
